Abstract: MoSN/MoS2 multilayer films were deposited by a sputtering MoS2 target in alternate Ar and Ar/N2 mixed atmospheres with different nitrogen flow rates. The influence of nitrogen flow rates on the microstructure, mechanical and tribological properties of the prepared films were investigated. The multilayer film exhibited the preferred orientation of (002) plane for MoS2 sublayers and amorphous structure for MoSN sublayers. Introducing N2 into the source gas resulted in a much more compact structure for multilayer films due to the suppression of columnar growth of MoS2 film. With the increase of the nitrogen flow rate, the hardness of the multilayer film firstly increased from 2.3 to 10.5 GPa as the nitrogen flow rate increased from 4 to 10 sccm and then turned downwards to 6.5 GPa at 20 sccm. MoSN/MoS2 film deposited with an optimized microstructure exhibited low friction coefficients below 0.03 and a wear life higher than 1.8×10 5 revolutions in vacuum. Meanwhile, the optimized film showed an ultralow friction coefficient of 0.004~0.01 and wear rate of 4.7 × 10 −7 mm 3 /N·m in an ultrahigh vacuum. Both the enhanced hardness by N-doping and sustainable formed MoS2 tribofilm contributed to the improved tribological property of MoSN/MoS2 multilayer film.
Introduction
Transition metal dichalcogenides (TMDs), typically MoS2 and WS2, are well known as excellent solid lubricants due to the weak van der Waals interactions between basal planes [1] [2] [3] [4] [5] , which allows for an easy shearing along the direction parallel to the sheets and thereby, leading to low friction coefficients in vacuum and dry inert atmospheres [4] . Sputtering-deposited MoS2 films generally exhibit porous structure, low hardness, low-bearing capacity, and high wear rate [6] [7] [8] [9] [10] . Some methods have been developed to date to improve the density, hardness and tribological properties of sputtered TMDs films, either by doping with other elements [5] [6] [7] [10] [11] [12] [13] [14] [15] or fabricating multilayered structures such as MoS2/WS2 [1, [16] [17] [18] , MoS2/metal [19, 20] , MoS2/a-C:H [2] and MoS2/DLC multilayer films [21, 22] .
The incorporation of metallic elements into the MoS2 is a common solution to improve the mechanical and tribological property of the MoS2 films [6, 10, 23, 24] . It has been investigated that the doped MoS2 film with the optimum doping level of Cr or Ti showed both a low friction coefficient and wear rate even in moist atmosphere [10] . Non-metallic elements, especially nitrogen and carbon, were also good candidates for doping the MoS2 films. For the first time, Nossa et al. reported that the sputtered W-S-N film exhibited an amorphous structure and low friction coefficients [12] [13] [14] [15] . Recently, Polcar et al. [25, 26] further investigated the tribological property of the amorphous W-S-N films, which showed an ultralow friction coefficient of 0.003, a long sliding distance due to the high load-bearing capacity and formed well-oriented WS2 tribolayers [26] . Moreover, Kadas et al. [27] focused on the atomic-level structure and chemical bonding arrangements in amorphous W-S-N films (37 at.% N), and further explained the mechanism of ultralow friction performance of the W-S-N films. It was believed that the continuous tribofilm formation of WS2 in the contact region as well as the swift removal of excess nitrogen contributed to the ultra-low friction. Similarly, the N + modified MoS2 films also exhibited a dense structure and good film-substrate adherence. Compared to sputtered MoS2 film, N + implanted MoS2 film showed a twofold increase of the wear life in vacuum while an increased friction coefficient was shown due to the loss of sulfur induced by N + implantation [28] . In our previous work, the deposited Mo-S-N composite films [5] exhibited a much more compact amorphous structure by doping MoS2 with nitrogen. However, high nitrogen content exceeding 17 at.% for the Mo-S-N film was unfavorable for the tribological performance improvement, since the formation of a nonlubricious metal nitrides phase was adverse for forming continuous tribofilm [5, 27, 29] .
Additionally, compared to monolayer films, multilayer films [16] [17] [18] [19] [20] [21] [22] prepared by the alternate deposition of soft/hard sublayers in nanoscale modulation periods exhibited superior hardness and moderate residual stress [30] [31] [32] . Several explanations have been proposed to explain the hardening of multilayer film, such as dislocation blocking by layer interfaces [33, 34] , Hall-Petch strengthening [35] , and strain effects at layer interfaces [36] . Meanwhile, the mechanical and tribological properties of multilayer films are generally related with the composition [16] , grain size [18] and inter-diffusion state of the layered interface [35] . With the crystallite size and modulation period among nanometer dimensions, the interface was postulated to act as a barrier against dislocation motion [5] and resulted in an improved hardness.
In this study, a novel strategy by sputtering the MoS2 target in alternate atmospheres of argon and argon/nitrogen mixed gases was used for the preparation of the MoSN/MoS2 multilayer films through N doping or not, periodically. By controlling the flow rate of nitrogen during film deposition, MoSN/MoS2 films with different nitrogen contents were prepared. The influence of N doping on the microstructure, hardness and tribological properties of the prepared MoSN/MoS2 film was investigated in detail. Cooperative optimization of film hardness and vacuum lubricating performance were achieved for the MoSN/MoS2 film deposited at an N2 flow rate of 6 sccm, whereas more N2 beyond the optimized value would degrade the film lubricating performance. The optimized film exhibited an ultralow friction coefficient and wear rate in ultrahigh vacuum condition, and the lubrication mechanism was investigated via structure analysis of the transfer film.
Materials and Methods

Deposition of MoSN/MoS2 Multilayer Films
The MoSN/MoS2 multilayer films were deposited on p-type Si (100) substrates by radio frequency magnetron sputtering of the MoS2 target in pure argon and Ar/N2 mixed atmosphere alternately. Details of the deposition system were reported elsewhere [7] . Prior to deposition, the Si wafers were ultrasonically cleaned in alcohol for 20 min and then placed on a sample disc under the sputtered target at a distance of 80 mm. When the vacuum chamber was pumped to a base pressure superior to 1.3 × 10 −3 Pa, the substrates were etched by Ar + at a pulse bias voltage of −500 V with 30% duty cycle for 20 min. Before the MoSN/MoS2 film deposition, a Ti interlayer with a thickness of about 200 nm was firstly deposited. Then the MoSN sublayer and MoS2 sublayer were alternately deposited with a modulation ratio of 1:1 and modulation period of 30 nm by switching on and off the inlet valve of nitrogen gas. The MoSN/MoS2 multilayer films were deposited by r.f. sputtering the MoS2 target with a power of 275 W under a working pressure of 0.75 Pa controlled by a constant Ar flow rate of 40 sccm and different N2 flow rates of 4, 6, 10, and 20 sccm, respectively. During the film deposition, the rotating speed of the sample holder was set as 1.5 r/min and the chamber temperature was controlled at 150 °C . The prepared MoSN/MoS2 multilayer films were denoted as N4, N6, N10 and N20 films corresponding to the N2 flow rates of 4, 6, 10, and 20 sccm, respectively. An MoSN monolayer was also deposited with a fixed nitrogen flow rate of 6 sccm while other parameters were the same as that for the MoSN/MoS2 deposition. The total thickness of each coating was controlled to about 1.5 μm.
Structure and Chemical Characterization of MoSN/MoS2 Multilayer Films
The surface and cross-sectional microstructures of pure MoS2 film and MoSN/MoS2 multilayer films were investigated by field-emission scanning electron microscopy (FESEM, JSM-6701F, JEOL, Tokyo, Japan) and transmission electron microscope (TEM, TECNAI G2 S-TWIN F20, FEI, Hillsboro, OH, USA); accelerating voltage 200 kV). The ultrathin slices for cross-section HRTEM observation were prepared by the Focused Ion Beam (FIB) technique. The crystal structure of deposited films was characterized by grazing incidence X-ray diffraction (GIXRD, Rigaku RINT2400, Kyoto, Japan) operating with Cu Kα radiation (40 kV, 150 mA, λ = 1.54056 Å) at 2° incident angle, and the diffraction angle started from 10° to 90°. The Raman spectra were measured using a Horiba LabRam HR800 spectrometer (Horiba, Tokyo, Japan) with a 532 nm wavelength excitation. The hardness and elastic modulus of the deposited films were determined by a Nano-indenter DCM nano-mechanical system (MTS, Eden Prairie, MN, USA) with a Berkovich diamond tip. The maximum indentation depth was set to 100 nm (less than 10% of film thickness) in order to minimize the effects of the substrate [37, 38] . Five repeated indentations were made in a random area for each sample. The chemical composition of the deposited films was investigated by using Energy dispersive spectroscopy (EDS, JSM-5601LV, JEOL). The sample standards of C, N, O, S and Mo for element concentration calculation are C, BN, SiO2, FeS2, and Mo, respectively. Peak intensities from EDS spectra were calculated by least-squares fitting of sample spectra using peaks that have been previously measured and stored as references for rapid assessment of tested samples [39] . The conversion of measured X-ray intensities to element concentrations was conducted via eXtended Pouchou and Pichoir correction [40] , which is a built-in part of testing software running in data report exporting. The quantitative results of XPP correction are better than other methods such as ZAF and PRZ [ϕ(ρ z)] when heavy and light elements exist in the same sample.
Ball-on-Disk Tribotests in Vacuum Environment
The tribological properties of the prepared films were tested on a standard ball-on-disk tribometer (WTM-2E, Licp, Lanzhou, China), using GCr15 steel balls with diameters of 3 mm as sliding counterparts. The sliding tests were executed in a high vacuum of 1.3 × 10 −3 Pa under a normal load of 3 N corresponding to a Hertz contact pressure of 1.5 GPa. The rotating speed was set as 1000 r/min (i.e., 0.314 m/s in linear speed), and the maximum sliding distance was 1.8 × 10 5 revolutions in 3 h. As the friction coefficient exceeded 0.1, the test would be stopped automatically. After friction tests, the morphologies of wear tracks were measured using Micro-XAM-3D non-contact surface profilometry (AD Corporation, Cambridge, MA, USA), and the film wear rates were calculated via the formula K=V/(N·S), where V is the wear volume (mm 3 ), N is the normal load applied on the ball counterpart (N), and S is the sliding distance (m). The optical micrographs of wear scars on the ball counterpart were obtained by an optical microscope (STM6, Olympus, Tokyo, Japan ).
Results and Discussion
Structure Characterizations of MoSN/MoS2 Multilayer Films
The surface cross-sectional SEM images of MoSN/MoS2 multilayer films are shown in Figure 1 . Compared to the porous and columnar structure of pure MoS2 film, the MoSN/MoS2 multilayer films showed a dense structure particularly for the film deposited with the nitrogen gas flow rate of 6 sccm, and the microcracks along the direction of film growth are significantly blocked. Taking N6-film for example, closer observations by cross-sectional HRTEM are shown in Figure 2 , in which the bright gray and dark layers corresponded to MoS2 and MoSN sublayers, respectively. It revealed a welldefined multilayer structure throughout the film thickness with a modulation period of about 30 nm as determined from Figure 2a ,b. The MoS2 sublayers with thicknesses of about 14.7 nm were mainly composed of cross-linked MoS2 molecular layers, and the MoSN sublayers with thicknesses of about 15.4 nm showed an amorphous structure. The inset SAED pattern of Figure 2b1 shows the diffraction rings of MoS2 phase, which indicates a dominant of the preferred (002) plane of the MoS2 sublayer. With the nitrogen doped into the MoS2, the growth of the MoS2 crystal would be interrupted for the MoSN sublayer and the MoSN sublayers exhibited amorphous structure, which was mainly due to the formation of the Mo-N bonding by partly replacing the sulfur atom with nitrogen in the lattice of MoS2 phase [5, 26] . The Raman spectra of pure MoS2 film and MoSN/MoS2 multilayer films are shown in Figure 3a . Moreover, the spectrum of the MoSN monolayer deposited at a nitrogen flow rate of 6 sccm is also plotted. In general, for pure MoS2 film, two modes of first-order Raman activity showed well-defined peaks at 383 and 409 cm −1 . The 383 cm −1 (E 1 2g) is attributed to the motion of Mo +S atoms in x-y layered plane, and the 409 cm −1 (A1g) is attributed to the motion of S atoms along the z axis [7] . Compared to the pure MoS2 film, the two spectral feature peaks of the MoSN monolayer and MoSN/MoS2 multilayer films dramatically receded, and no obvious difference can be found in the MoSN/MoS2 multilayer films deposited with different nitrogen flow rates. It is suggested that the introduction of the N atom in MoSN sublayers inhibited the crystallinity of MoS2 both in MoS2 and MoSN sublayers. Based on this, the crystallinity of deposited films was further characterized by GIXRD, and the results are shown in Figure 3b . Compared to the pure MoS2 film with (002) peak at 2θ ≈ 13° and (100) peak at 2θ ≈ 33°, the peaks of multilayer films became broad and the peak intensity reduced notably due to the fact that the deposited MoS2 sublayer exhibited a nanocrystalline structure while the MoSN sublayer showed a nearly amorphous structure as confirmed from the HRTEM images in Figure 2 .
Putting aside the alternate composition of MoS2 and MoSN sublayers, the mean chemical composition characterization of multilayer films characterized by EDS is listed in Table 1 as follows. It is noted that here the content of carbon cannot be excluded due to the usage of a beryllium window in the EDS testing system [7] and the carbon tapes on the sample holder. As a result, an offset carbon content around 25 ± 3 at.% was observed as a background in pure MoS2 film and was not manually subtracted from the carbon contents of other multilayer films. Clearly it is seen that the S/M ratio of pure MoS2 film is the highest one at 1.86, and the S/M ratio of the MoSN monolayer deposited with 6 sccm N2 is slightly lower than that of the N6 multilayer film. Moreover, a clear tendency is seen that by increasing the nitrogen flow rates for 4 to 20 sccm, the S/M ratio in multilayer films gradually decreases from 1.58 to 1.03. A similar tendency has been reported in the literature for sputter deposited MoSN [5] and WSN films [26] . 
Mechanical Properties of MoSN/MoS2 Multilayer Films
The mechanical properties of sputtered MoS2 film, MoSN monolayer and MoSN/MoS2 multilayer films are presented in Figure 4 . It can be seen that the hardness of multilayer films firstly rise with the increase of the N2 flow rate to 10.3 GPa at 10 sccm, which is dozens of times higher than that of 0.15 Gpa for pure MoS2 film, and then descends to 6.5 GPa at 20 sccm. The inset curves displayed the corresponding load-displacement curves, and the elastic recovery ratios of multilayer films were consistent with the varying tendency of film hardness, showing the maximum elastic recovery ratio to 41.4% at 10 sccm. The MoSN monolayer showed the highest hardness and elastic modulus of 11.6 and 134.6 GPa, respectively, and its elastic recovery ratio was similar to the N10 film. In contrast to the pure sputtered MoS2 film, the optimization of N2 flow rate induces a high resistance of plastic deformation and load-bearing capacity for composite and multilayer films. In fact, the increased hardness of MoS2/MoSN multilayer films is closely related to the high hardness of MoSN sublayers and the interface strengthening effects (e.g., interfacial mixing, interface density and interfacial roughness) of the multilayer structure. As it is known, the multilayer interface may be postulated to act as a barrier against the dislocation motion and/or crack deflection. Moreover, the reduced crystallite size is also a key factor at the origin of increased yield strength and hardness enhancement, such like in a large variety of molybdenum disulfide [17, 19, 20] and nitride-based multilayer films [30, 32, [41] [42] [43] [44] . Thus, the interfaces of MoSN hard sublayers and MoS2 soft sublayers may preferably hinder the dislocation slip to prevent plastic deformation, so as to improve the film hardness. 
Tribological Properties of MoSN/MoS2 Multilayer Films
The friction coefficients and wear rates of MoSN/MoS2 multilayer films prepared in different nitrogen flow rates were investigated using a standard ball-on-disc tribometer in a high vacuum environment, and the results are displayed in Figure 5 . As shown in Figure 5a , the mean friction coefficients of multilayer films generally maintained a steady state of 0.02-0.04, while the film wear lives were longer than 1.8 × 10 5 revolutions for films deposited with nitrogen flow rates of 4 and 6 sccm and then dramatically decreased in the case of 10 and 20 sccm. Further, tribotests lasting for 2.0 × 10 4 revolutions were conducted to evaluate the wear rates in steady state friction for all the films. The two-dimentional profiles of wear tracks and calculated wear rates for the films are shown in Figure 5b . It can be seen that the wear rates of the MoSN monolayer and MoSN/MoS2 multilayer films were generally below the level of 1.0 × 10 −6 mm 3 /N·m, which was much lower than that of the pure MoS2 film. However, it was shown that the pure MoS2 film exhibited wear lifes close to 4.0 × 10 4 revolutions, which was comparable to that for the MoSN monolayer and N20 film, although the wear rate of the pure MoS2 film was much higher than the latter two films. One reasonable explanation is that the anti-wear property of tribofilm derived from pure MoS2 film was more reliable than that of the latter two films, especially in the friction state after 2.0 × 10 4 revolutions. In the case of pure MoS2 film, the film was quickly worn out during the first 2.0 × 10 4 revolutions, yet the resulting tribofilm may have sustained the low-friction state during the following 2.0 × 10 4 revolutions. By contrast, the MoSN monolayer and N20 film exhibited low friction and wear in the first 2.0 × 10 4 revolutions, yet the tribofilms were quickly damaged afterwards. Such a sudden failure of N-incorporated MoS2-based films was also found particularly with high N-doped concentrations [5] . Although the film hardness can be improved considerably by increasing the N concentration, the hexagonal layer structure of MoS2 would be severely disturbed due to the loss of S atoms, so that the sustainable formation of MoS2 tribofilm may be impeded [5, 27, 45] . The optical micrographs of wear scars, as shown in Figure 6 , also suggested that the counterfaces sliding against N4 and N6 films were fully covered by tribofilm in contrast to the N10 and N20 films. While, for the film with low nitrogen content, the N6 film exhibited a lower wear rate compared to the N4 film, which was mainly due to the higher hardness of the N6 film. Hence, it can be deduced that the optimum nitrogen content in MoSN sublayers is beneficial for improving the film harness and well-formed tribofilm, which was favorable to maintain a low wear rate and long wear life of MoSN/MoS2 multilayer film.
Later, the anti-wear properties of N6 and N10 films were further investigated under an ultrahigh vacuum condition (<10 −5 Pa) close to the space environment, and the results are shown in Figure 7 . In this test, N6 and N10 films showed ultralow friction coefficients below 0.01 after certain circles of a running-in period, and the frictionless state kept longer than 6.0 × 10 4 revolutions. Specifically, the friction coefficients firstly reduced to 0.01 at 9.6 × 10 3 revolutions, and further gradually decreased to 0.004 at 2.4 × 10 4 revolutions and then exhibited an ultra-low friction coefficient for 85 min before rising back to 0.03 after 1.09 × 10 5 revolutions for the N6 film. By comparison, the N10 film exhibited ultralow friction coefficients around 0.008 during 6.8 × 10 4 -1.3 × 10 5 revolutions. Figure 8 shows the wear scars and tracks formed in ultrahigh vacuum condition after 1.8 × 10 5 revolutions for the two films. Clearly, the width and depth of the wear track for the N10 film were much larger than that for the N6 film, and the wear rates of the N6 and N10 films were 4.7 × 10 −7 and 7.0 × 10 −7 mm 3 /N·m, respectively, which was comparable to the results observed in the high vacuum condition (see in Figure 5b ). However, it was noticed that wear tracks exhibited 1.73 and 1.48 μm in depth for the N6 and N10 films, respectively, which were approximate to the film thickness. This suggested that even when the films were nearly worn out, the friction-induced tribofilms could still play an effective role in contributing to the low friction coefficient below 0.04. To confirm the tribofilm-based lubricant mechanism of the two tested films in the ultrahigh vacuum, the wear debris derived from N6 film was characterized by Raman spectroscopy, and the results are shown in Figure 9 . Compared to the as-deposited film, the debris showed enhanced MoS2 peak intensity with reduced band width, which suggested a long range re-ordering of MoS2 phases into a lamellar structure. The same results have also been reported in the previous work of MoSN [5] , MoSC [7] , MoSCN films [46] and other TMDs composite films [26, 27] . According to Gustavssson et al. [26] , the friction coefficient of amorphous W-S-N films was lower than 0.003 in dry nitrogen, which was attributed to the formation of WS2 tribofilms on of the surface of the wear tracks and counterpart. Isaeva et al. [27] suggested that the ultralow friction of amorphous W-S-N films were due to a dense and stable surface, the easy access to W and S for the continuous formation of WS2 in the contact region, the absence of high-friction and high-wear secondary phases, and the release of a nitrogen atom in molecular form. From the same point of view, Donnet et al. [4] presented that the super-low friction coefficients of MoS2-based coatings in an ultrahigh vacuum (UHV: 10 −8 Pa) and dry nitrogen conditions were attributed to the formed tribofilm with a particular combination of crystallographic orientation and the absence of contaminants, leading to a significant decrease in the interfacial shear strength [4] . In this study, the interface strengthening effects contributed to the improved mechanical strength of MoSN/MoS2 multilayer films. In addition, the formation of a well-oriented tribofilm for the MoSN/MoS2 multilayer film with optimized nitrogen content resulted in low friction behavior in the vacuum environment. 
Conclusion
In summary, by alternating the source gas of Ar or mixed Ar and N2 during the sputtering of the MoS2 target, MoSN/MoS2 multilayer films were deposited. The effect of the nitrogen flow rates on the microstructures and tribological properties of the deposited MoSN/MoS2 multilayer films was investigated. The results obtained are summarized as follows:
• By alternately depositing the MoSN and MoS2 sublayers, the prepared MoSN/MoS2 multilayer film exhibited a compact structure due to the suppression of the columnar growth of the sputtered MoS2. The MoS2 sublayers showed a nanocrystalline structure with a preferred orientation of an (002) plane while the MoSN sublayers exhibited an amorphous structure.
•
The hardness of the MoSN/MoS2 multilayer film showed a great increase compared to the MoS2 and increased from 2.3 to 10.5 GPa as the nitrogen flow rate increased from 4 to 10 sccm. The MoSN/MoS2 multilayer films deposited with nitrogen flow rates of 4 and 6 sccm exhibited low friction coefficients below 0.03 and wear lives higher than 1.8 × 10 5 revolutions in a high vacuum condition, which is much longer than that of pure MoS2 or MoSN film. The improved wear life for the MoSN/MoS2 multilayer with low nitrogen content was mainly attributed to the lower wear rate, which resulted from the enhanced hardness as well as the sustainably formed MoS2 tribofilms.
The MoSN/MoS2 multilayer film deposited with a nitrogen flow rate of 6 sccm exhibited ultra-low friction coefficients of 0.004-0.01 and a wear rate of 4.7 × 10 −7 mm 3 /N·m in an ultrahigh vacuum condition. The ultralow friction coefficient for the MoSN/MoS2 multilayer film was mainly due to the formation of the MoS2 tribofilm with a long-range ordered lamellar structure on the sliding interface. 
